HIGHLIGHTS

INTRODUCTION
Insects display a remarkable amount of morphological diversity. Such diversity can be generated through the co-option of existing gene modules in novel environments. One such repeatedly co-opted gene is Distal-less (Dll), which codes for a transcription factor that is essential for insect appendage patterning. Dll has been shown to be involved in the development of many morphological novelties that are essentially distal cuticular projections, like the grasping structures on antenna in male water striders (Khila et al., 2012) , the nasus in termites (Toga et al., 2012) , and the thoracic horns in scarab beetles (Moczek and Rose, 2009 ). Dll has even been co-opted for the development of novel pigmentation patterns in the wings of flies (Arnoult et al., 2013) and eyespots in butterflies (Zhang and Reed, 2016) . Here, we look at its role in the development and evolution of another morphological novelty, an abdominal sternite brush in sepsids.
Males of some sepsid species (Sepsidae: Diptera) have evolved a moveable appendage on their fourth abdominal segment, the fourth sternite brush ( Figure 1A ). This novel appendage in sepsids is a modification of a sternite plate on the ventral fourth abdominal segment. In some species, the fourth sternite has been dramatically modified into a large, sclerotized leg-like structure that is complete with underlying musculature, articulation, and long distal brushes (Ang, 2013) . Male sepsids use these elaborate appendages to stimulate females during copulation ( Figure 1B , https://www.youtube.com/watch? v=BL9wffTKO50&feature=youtu.be). The fourth sternite brushes range from simple flat plates with few bristles to highly elaborate appendages ( Figure 1C) . A phylogenetic analysis reveals that the fourth sternite brush has a complex evolutionary history. It was acquired early in the radiation of this family, then lost multiple times, and then reacquired at least once (Bowsher et al., 2013) .
These structures also have an interesting developmental origin. Unlike typical dipteran appendages (e.g., legs and wings) that develop from imaginal discs, the novel sternite brush appendage in male sepsids develops from a cluster of ventral histoblast cells (Bowsher and Nijhout, 2007) . In flies, histoblasts are clumps of imaginal cells that proliferate to form the adult abdominal epidermis, including the sternites and tergites. An earlier study characterized the expression pattern of Dll late in sepsid pupal development; they found that Dll was expressed only in the bristle cell nuclei of late-stage pupal tissues that give rise to the fourth sternite brush (Bowsher and Nijhout, 2009 ). Here, we develop and use CRISPR/Cas9 to show that Dll is involved in the development of these novel abdominal appendages in a non-model dipteran species, Themira biloba ( Figure 1A ). This is the first functionally characterized gene in a gene regulatory network involved in the development and evolution of a novel abdominal appendage. In the process, we discover an interesting phenomenon wherein deletions in a conserved Dll-coding region generated via CRISPR/ Cas 9 produced not only the expected losses but also gains of novel appendages on different abdominal segments.
RESULTS
Genome Editing at the Dll Locus Generates Loss-of-Function Mosaic Phenotypes
We designed three guides targeting two different exons within the Dll locus: the homeodomain (Exon 3) and the coding exon upstream of the homeodomain (Exon 2) ( Figure 2A , Table S6 ). We screened for potential off-targets by conducting a local BLASTN search comparing the transcriptome of T. biloba against the three guide sequences.
We injected 4-hr-old T. biloba embryos with Cas9 protein and guides targeting these coding regions. We observe that Dll loss-of-function mutations are highly lethal; this result is similar to what has been shown in Drosophila melanogaster (Cohen and Jü rgens, 1989) . After optimization, we find that 20%-30% of embryos survive microinjection with 22%-37% of larvae developing into adults. In total, we obtained 80 mosaic mutants (Table 1) . A total of 58 mutants were observed with malformed or missing sternites; monomorphic sternite malformations were observed in both males and females. However, sternite losses were only observed in males. We observed a higher proportion of abdominal or posterior phenotypes; this is likely due to the injection of CRISPR/Cas9 and single guide RNA (sgRNA) complex into the posterior end of the embryo. Even so, one in eight of the recovered mutants exhibited leg or wing phenotypes consistent with known Dll mutants in D. melanogaster: mosaic mutants with wing margin deformities, hindleg deformities, and loss of tarsal structures were observed ( Figures 2B and 2C ). All mutants were successfully verified with next-generation sequencing (NGS) on an Illumina MiSeq 2 x 300-bp platform with tagged amplicon sequencing (7-bp tags). The read counts and three most abundant mutant haplotypes for each mutant specimen can be found in Table S3 . Only the most abundant mutant haplotype for each specimen was used for downstream alignments and analyses.
As a control, we injected approximately 1,000 embryos with Cas9 alone without obtaining mutant phenotypes (Table 1) . The surviving adults from the control injections were genotyped through sequencing with NGS and found to have no mutations in the Dll-coding region. We also sequenced injected individuals displaying a wild-type phenotype and found no mutations in the Dll-coding region. 
A Functional Dll Homeodomain Is Necessary for Fourth Sternite Brush Development
Targeted genome editing at the Dll homeodomain produced mosaic mutant males with loss of the fourth sternite appendage. The fourth sternite appendage in T. biloba consists of a bifurcated sternite with a pair of cuticular protrusions or lobes that each terminate in a tuft of bristles. Of the 21 mosaic mutants with sternite malformations, five exhibited malformed or missing fourth sternite appendages ( Figure 3C ): mutants E3 M1 and E3 M3 display a complete loss of the sternite, lobe, and bristles in one-half of the fourth sternite appendage, whereas in the others (E3 M2, E3 M4, and E3 M5) the lobe and bristles of one-half of the fourth sternite appendage were lost, leaving behind small misshapen remnants of the sternite. Characterization of these mutants with NGS showed deletions in the target region, which disrupted the reading frame (Figure 3B ). These mosaic mutant phenotypes confirm that a functional Dll gene product is necessary for the development of this appendage in T. biloba males.
Genome Editing at the Coding Exon Upstream of the Homeodomain Produces Ectopic Structures
Targeting Exon 2, using sgRNA-2B, which is immediately upstream of the homeodomain, produced mosaic mutants with sternite malformations as expected ( Figure S1 ). However, we also recover unexpected mutant males with small ectopic sternite brushes on the third ventral segment ( Figure 4A ) and the fourth dorsal segment ( Figures 4B and 4C ). In mutant E2B M1, we observed a small cuticular protrusion with a tuft of bristles on the top right margin of the third ventral sternite ( Figure 4A) . A similar ectopic cuticular protrusion with bristles was also observed in E2B M2 and E2B M3, wherein the protrusion disrupts the right margin of the fourth tergite ( Figures 4B and 4C ). To rule out the possibility that the ectopic phenotypes were a result of off-target gene editing, we screened for potential off-target effects (see Methods and Table S2 for additional details) and found no good matches (>65% identity).
Such exon-specific gain and loss phenotypes have similarly been observed in Lepidoptera wherein deletions in the Dll homeodomain result in losses of eyespots in Bicyclus anynana (Connahs et al., 2017) , whereas deletions in the region upstream of the homeodomain can produce ectopic eyespots in B. anynana (Connahs et al., 2017) and Vanessa cardui (Zhang and Reed, 2016) as well as enlarged eyespots in Junonia coenia (Zhang and Reed, 2016) . Comparative sequence analysis between Lepidoptera and Diptera reveals that this region of Dll is almost as highly conserved as the Dll functional homeodomain. Further investigation shows that it is conserved even across Holometabola ( Figure S2 ).
To understand the genetic mechanism underlying the development of the ectopic brush phenotype, we sequenced all mosaic mutants using NGS. We find that a single point mutation underlies all ectopic mutant phenotypes ( Figure 4D ). A bioinformatics analysis of Exon 2 using ESEfinder 3.0 revealed that this single point mutation lies within a predicted exonic splicing enhancer (ESE) site for the SR protein, splicing factor 2 (SF2) ( Table S1 ). SF2 is an RNA-binding, sequence-specific splice factor that binds to ESE sites to promote inclusion of the exon during alternative splicing at the pre-mRNA level. In contrast, all other mutant phenotypes observed were due to mutations that lie outside of this predicted ESE site ( Figure 4D ). Previous studies of naturally occurring and artificially induced mutations in ESEs have shown that such mutations can lead to exon skipping (Hong-Xiang et al., 2001; Wang et al., 2002) . This naturally occurring form of cellular RNA splicing occurs when defective portions of exons are ''skipped'' over to restore the reading frame. This produces an altered but sometimes still functional protein, which is in some instances over-expressed (Chang et al., 2007) . It has also been recently shown in adenocarcinoma cells that CRISPR/Cas9-induced mutations lead to exon skipping (Mou et al., 2017) . Table S4 for primers). We found an alternatively spliced transcript lacking Exon 2 in both mutant embryo replicates, but not in the wild-type replicates ( Figure 5 ).
Sanger sequencing of the shorter PCR product obtained from C1 and C2 confirms that Exon 2 was skipped.
Based on sequence predictions, we find that with leaky scanning this exon-skipped transcript could produce an altered Dll protein with an intact homeodomain ( Figure 6A ). If translation of the exon-skipped transcript is initiated at the original start codon, the downstream homeodomain is disrupted, yielding a non-functional protein. However, examination of the Dll translation initiation site identified a putative alternative start site 1 bp immediately downstream of the Kozak sequence. Translation initiation at this alternative start codon would produce an exon-skipped protein with a functional homeodomain (Figure 6A) . To show the feasibility of this mechanism, we performed an in vitro protein synthesis assay using a plasmid containing the Dll-coding sequence lacking Exon 2 (see Methods for details). We expressed a protein (>30 kDa) in vitro using the PURExpress kit (New England Biolabs) ( Figure 6B ). An analysis with the TripleTOF 5600 detected the presence of the bioinformatically predicted protein that is obtained only if the alternative initiation codon is utilized. The TripleTOF obtained peptides that correspond to Exon 1 of the predicted leaky-scanned protein, the intact Dll homeodomain, as well as Exon 5 (Figures 6A and S3).
These experiments suggest that exon skipping occurs and that the ectopic sternite brush phenotypes could arise from a change in expression of an altered Dll transcript with full or partial function. However, Dll expression was previously observed only in the developing fourth sternite brush during the late pupal stage (48 hr after puparium formation) (Bowsher and Nijhout, 2009 ), which could not explain the presence of ectopic brushes on the third abdominal segment as observed in mutant E2B M1. To discern whether the underlying predicted change in expression levels was a spatial gain of expression or a misregulation of an already expressed gene, we investigated Dll expression in the developing histoblast clusters in the late larval stage in T. biloba and D. melanogaster. RT-PCR was performed on dissected epidermal larval segments; the epidermis includes the histoblast clusters that eventually develop into the adult sternites and tergites. We found that Dll expression in D. melanogaster was detected in all abdominal segments as well as in the thoracic segment ( Figure S5 ). To rule out any artifacts from imprecise dissections, another gene, Abdominal-B (Abd-B), was tested. As expected in D. melanogaster, Abd-B was only detected in the fifth to eighth abdominal segments. Similar to D. melanogaster, in T. biloba the RT-PCR results indicate that Dll is present in all abdominal segments in the larval stages ( Figure S4 and Table S5 ).
Genome Editing of Another Putative ESE Site (sgRNA-2A) within Exon 2 Again Produces Both Gain and Loss Phenotypes
To test the hypothesis that specific mutations within ESE sites produce mutants with ectopic phenotypes, we designed a guide targeting another predicted ESE site within Exon 2 (sgRNA-2A, Table S1 ) and found 
. Ectopic Sternite Brush Phenotypes Obtained with Genome Editing of Exon 2 (A-D) (A) Ectopic mutant with ectopic brush on third ventral abdominal segment (E2BM1). (B and C) Ectopic mutants with ectopic brushes on the fourth dorsal abdominal segment (E2BM2 and E2BM3). (D)
Sequences confirm that mutations underlying the ectopic brush phenotypes (E2BM1, E2BM2, E2BM3) lie within a predicted exonic splicing enhancer (ESE), whereas mutations underlying sternite malformation phenotypes (see Table S1 ) lie outside of the predicted ESE. The alignment is reverse complemented to display the putative ESE site sequence as predicted by ESEfinder 3.0 .
comparable results. We observed nine mutants with sternite malformations with one mutant exhibiting a complete loss of one-half of the fourth sternite appendage (E2A M2). Interestingly, we also observed one mutant male (E2A M1) with an ectopic fourth sternite brush: on the right half of the fourth sternite appendage, the third sternite is expanded, whereas the fourth sternite is misshapen and ends in two bristled lobes instead of the expected one ( Figure 7A ). Upon characterization of all the mutants using NGS, we observed that only the mutations underlying the ectopic brush mutant disrupted the targeted ESE site. The most abundant mutant haplotype was a single point deletion within the ESE site, whereas the second most abundant mutant haplotype was a 57-bp deletion that disrupts the targeted ESE site as well as an additional downstream putative ESE site. As predicted, the mutations underlying the loss and other sternite malformations lay outside of the ESE site. These results lend further support to the hypothesis that specific CRISPR/Cas9-induced mutations that disrupt ESE sites have the potential to yield ectopic phenotypes, either through an over-expression or a prolonged expression of an altered but functional Dll protein.
To discern if this exon-skipped transcript was exclusively the result of targeted genome editing at Exon 2 (sgRNA-2A), we performed targeted long-read isoform sequencing on Pacbio Sequel to qualitatively characterize the alternative splice forms of Dll present in both exon-skipped mutants and wild-type individuals. Using a guide targeting Exon 2, we injected 405 embryos and screened the surviving third instar larvae. RNA was extracted from 12 injected and 2 wild-type larvae and used to synthesize cDNA. Using an in vitro cleavage assay, 2 of the 12 larvae were identified as exon-skipped mutants (M4 and M6). We then designed Dll-specific tagged primers anchored in Exon 1 and Exon 7 (see Table S4 for tagged primer sequences) to amplify Dll splice forms, which were then sent in for Pacbio Sequel targeted isoform circular consensus sequencing. This generates a consensus sequence from multiple passes of a single circular molecule. The reads were analyzed using the Pacbio SMRT Link 5.1.0 analysis software (see Methods for parameters).
From the sequencing data, we identified three splice forms alongside the wild-type splice form (Figure 8 ). Splice forms B and C were detected in M6 and both wild-type larvae. However, splice form A, which excluded Exon 2, was only detected in the exon-skipped mutants, M4 and M6. These results suggest that the exon-skipped transcript (splice form A) does not naturally occur and is instead produced only when Exon 2 (sgRNA-2A) is disrupted with CRISPR/Cas9.
To test if changed expression levels of Dll can be detected in ectopic mutants, we carried out a quantitative PCR assay on injected mosaic mutant larvae despite the high risk of such an experiment yielding a false-negative result because (1) mosaic mutant larvae have a mixture of wild-type, mutant, and exon-skipped transcripts; (2) only mosaic mutants with a high proportion of wild-type cells are predicted to be viable; Figure 5 . CRISPR/Cas9-Induced Deletions in Exonic Splicing Enhancer (ESE) of Exon 2 (sgRNA-2B) Generate Exon-Skipped Dll Transcripts (A) Primers flanking sgRNA-2B were used to amplify cDNA obtained from the two mosaic mutant embryo replicates (C1 and C2) and wild-type embryos. C1 and C2 mosaic mutants produced a mixture of a short PCR product (500 bp) and the wild-type PCR product (726 bp).
(B) Sanger sequencing of the shorter PCR product obtained from C1 and C2 confirms that Exon 2 has been excluded; an altered Dll transcript is present in both replicates of Exon 2 mutant embryos. Sanger sequencing of the longer product yields a wild-type Dll sequence.
and (3) the natural expression levels of Dll at this stage are low. The results of the qPCR assay were inconclusive (see Methods for details).
DISCUSSION
The overall body plan of winged insects has remained remarkably conserved with regard to the position of appendages, which are restricted to the head, thorax, and posteriormost segments of the 11-segmented abdomen (genitalia). Occasional exceptions to this body plan are losses or reductions of structures, such as the reduction of maxillary and mandibular structures in D. melanogaster (Angelini and Kaufman, 2006) . However, gains of articulated appendages, especially in the pregenital abdominal segments, are rare. Sepsids are one of the few exceptions (Hoch et al., 2014) , having very recently evolved a novel abdominal appendage. This makes sepsids an attractive model system for understanding how a gene regulatory network is assembled for the development of novel appendages.
Morphological novelties are often hypothesized to arise from either existing or de novo genetic machinery (True and Carroll, 2002; Wagner and Lynch, 2010) . Genes can either be co-opted along with their existing network or be assembled differently into a de novo network. In addition, novel phenotypes may also arise from the evolution of de novo or orphan genes. Recent studies have shown that the genetic architecture underlying morphological novelties in insects is more complex than expected; in some instances, a combination of both de novo genes and the co-option of an existing gene regulatory network underly a novel phenotype (Santos et al., 2017; Hilgers et al., 2018) , whereas in others, existing gene regulatory networks are modified and/or partially co-opted (Hu et al., 2018; Moczek, 2009; Moczek and Rose, 2009; Glassford et al., 2015) . We illustrate in this study another instance whereby an important gene in the appendagepatterning gene regulatory network, Dll, is co-opted in the development of a novel morphological structure: the fourth sternite brush.
Here, we show conclusively that Dll is necessary for the development of a novel abdominal appendage in T. biloba; disruptions in the homeodomain and in the coding region upstream lead to losses of the fourth sternite brush. We also observed malformed monomorphic sternites in both males and females, raising the question of how Dll fits into a gene regulatory network that patterns a sexually dimorphic trait. To obtain a better understanding of the underlying gene architecture responsible for building this morphological novelty, functional characterization of more appendage and sex-patterning genes (e.g., doublesex) would have to be carried out.
Moreover, we also reveal that specific deletions in Exon 2 can lead not only to the expected losses but also to unexpected gains of the novel fourth sternite brush. Through a detailed dissection of the upstream coding exon, we show that deletions in ESE sites can generate the ectopic phenotypes observed and go further to prove that the ensuing exon-skipped transcripts can be translated in vitro into an altered Dll protein that retains an intact homeodomain. These findings highlight how small modifications of Dll have the potential to generate very different phenotypes. This would be a single observation in a fly species if it were not for the fact that a similarly diverse set of phenotypes can be generated by mutations in the same coding region in butterflies, which diverged from flies nearly 300 million years ago (Misof et al., 2014) . In both sepsid flies and several species of butterflies (V cardui and B. anynana), disruption of the region upstream of the Dll homeodomain produces ectopic structures (Zhang and Reed, 2016; Connahs et al., 2017) and exon-skipped Dll transcripts (Connahs et al., 2017) . Moreover, a comparative analysis across Holometabola reveals that the region of Dll immediately upstream of the homeodomain is highly conserved. The conserved nature of this protein region as well as the appearance of ectopic traits in two divergent lineages suggests that mutations at this conserved region may have had the potential to generate morphological variation for at least 300 million years. Although we find in T. biloba that the exon-skipped transcript does not occur naturally, further investigation into B. anynana and other holometabolan lineages might provide more insight into the possible role of this conserved region in the evolution and development of structural novelties.
Based on our results, we propose that Dll genome editing studies should target multiple exons and include the exon upstream of the homeodomain. Such screening may yield particularly interesting results for those species that have novel traits whose development involves Dll. Our study suggests that this gene may not only be important for the origin of novel traits but also has the potential for generating morphological diversity via splicing regulation. These findings also have implications beyond Dll as CRISPR/Cas9 is now extensively adopted for genome editing purposes from single cells to whole organisms. Future CRISPR/Cas9 studies should target multiple exons, particularly functional domains, to identify phenotypes generated by exon skipping. Bioinformatics tools should be also used to predict (C) Sequences confirm that mutations underlying the ectopic brush phenotype (E2A M1) lie within a predicted exonic splicing enhancer (ESE), whereas mutations underlying sternite malformation phenotypes lie outside of the predicted ESE. The two most abundant mutant haplotypes for E2A M1 are shown in this alignment (E2A M1a is a single-point deletion, whereas E2A M1b is a 57-bp deletion that disrupts this target ESE site as well as another downstream ESE site).
ESE sites in potential target regions, which should either be avoided to reduce the chances of generating conflicting results or targeted with CRISPR/Cas9 to test whether gain-of-function mutations can be produced.
Limitations of Study
Our study suggests that deletions in ESE sites result in exon skipping and the development of ectopic structures. However, the process by which exon-skipped transcripts produce the ectopic structures remains unclear because quantifying gene expression of mutated cells within a mosaic mutant is difficult, i.e., we were not able to isolate the signal from mutant cells alone. We predict that the exon-skipped transcript is functional because the homeodomain is intact. However, in vivo tests for protein folding and functionality would be desirable.
METHODS
All methods can be found in the accompanying Transparent Methods supplemental file.
DATA AND SOFTWARE AVAILABILITY
Most of the processed sequencing data files are available on a Mendeley database https://doi.org/ 10.17632/ps3p7jnb5t.1. 
SUPPLEMENTAL INFORMATION
Transparent Methods
15
Fly cultures 16
Themira biloba fly cultures were kept at a constant temperature of 23 °C with a 12-hour light 17 and dark cycle and maintained on a diet of duck and bovine dung. 18
Preparation of guide RNAs 19
Three CRISPR guide RNAs targeting Exon 2 and Exon 3 (homeodomain) were designed for 20 T. biloba. T. biloba assembled transcriptome was downloaded from NCBI, Accession number 21 PRJNA218740 . Using CLC Genomics Workbench we searched for 22
Dll transcript sequences within the T. biloba transcriptome using BLASTn against D. 23 melanogaster Dll. Using CLC Genomics Workbench we then designed guides targeting Exon 24 2 and Exon 3 of T. biloba Dll. We searched for regions that contained GGN19NGG. The 25 guides were screened for off-target effects using a blastn query against the assembled T. 26 biloba transcriptome . Specifically, for sgRNA-2B, this search did not 27 find any 100% off-target matches. However, it did identify three hits with a hit-length of 13 28
bp and E-values around 1E-3. Further investigation of these hits reveal that they do not flank 29 a PAM site and so are unlikely to result in off-target effects (Supplementary table 2) . 30
The single guide RNA (sgRNA) templates were synthesised artificially using gBlocks ® Gene 31
Fragments (Integrated DNA Technologies). Following in vitro transcription of the gblocks 32
DNA template with a T7 polymerase (New England Biolabs), the sgRNAs were purified 33 using the TURBO DNase kit followed by the Qiagen RNeasy kit. In vitro Cas9 cleavage 34 assays were then carried out to test the guide's ability to cut the target DNA fragment in the 35 presence of Cas9 protein (PNAbio). 36
Microinjection 37
Eggs were extracted from the egg-laying substrate after 4 hours, rinsed gently, aligned onto a 38 coverslip, and covered with a thin layer of oil to prevent desiccation. 1ul of 1ug/ul Cas9 39 protein (PNAbio) was mixed with 1ul of 1ug/ul of sgRNA and injected into the posterior of 40 the eggs using a 76mm needle. Needles were pulled fresh with a Sutter P-97 Flaming/Brown 41 type micropipette puller. To overcome the lethality of a Dll knockdown in early 42 embryogenesis (Cohen and Jürgens, 1989) , the protocol was optimized to reduce the number 43 of mosaic mutant cells generated by injecting 4-hour old embryos with a reduced volume of 44 the sgRNA/Cas9 complex. 45
The injected eggs were then rinsed thoroughly and kept in a moist chamber for 24 hours. The 46 emerging larvae were then picked out and placed into petri dishes of bovine dung to develop. 47
After 8-10 days, the pupae were recovered and left to develop in a moist chamber. The 48 emerging adults were allowed to completely sclerotize for 3 days before they were screened 49 for mutations. The mutant individuals were then preserved in 70% ethanol for imaging and 50 DNA extraction. Images were obtained using a Visionary Digital Imaging system. 51
Genotyping of Mutations 52
QuickExtract (Bioline) solution was used to extract gDNA from mutant tissue dissected from 53 the vicinity of affected structure. Extracted DNA was used to amplify the gene region of 54 interest (~200 bp fragment). The tarsi of a wildtype T. biloba male were dissected and used as 55 a control for this experiment. 56 PCR products were cleaned up with SureClean and sent for Illumina Miseq (2x301bp) 57 sequencing at 10,000x coverage (the read count and coverage for each sample is listed in 58
Supplementary table 3).. These mutations were mostly small deletions within the guide 59 sequence. To ensure that the mutations observed were not an artefact of PCR or sequencing 60 error, 3 PCR replicates (with tagged primers, Supplementary table 4) were carried out for all 61 mutants. The reads for all three replicates were processed separately and combined after 62 ascertaining that the three most abundant reads for each were identical. This combined 63 dataset was then used for the quantification of the read count and proportions of mutant 64 haplotypes for each specimen. 65
The DNA reads were then recovered using an in-house pipeline: the sequences were merged 66 using PEAR (Zhang et al., 2014) and demultiplexed using an in-house script (Meier et al., 67 2016) to generate a fasta file for each PCR product/specimen. The reads were aligned using 68 MAFFT v7.0 (Katoh et al., 2002) . Once aligned, the sequences were submitted to the 'DNA 69 to haplotype collapser and converter' Fabox tool. (Villesen, 2007) This generates a table of 70 haplotypes and read counts as well as a summary of all the haplotypes observed. The three 71 most abundant haplotypes were recorded (see Supplementary table 3) . The most abundant 72 mutant haplotype for each specimen was used for downstream alignments and comparisons. 73
The results were also confirmed with CRISPresso (Pinello et al., 2016) (window size set to 74 30 bp and sequence homology for an HDR occurrence set to 98%). Bioinformatics analysis 75 for ESE sites were performed using ESEfinder (v 3.0) . We used the 76 weighted matrix values for SRSF1, the human homolog of the Drosophila SF2/ASF at the 77 threshold of 1.956 (Smith et al., 2006) . 78
Control Injections 79
To rule out off-target effects and injection artefacts, 1004 embryos were injected with 500ng 80 of Cas9 alone. Note that the control injections were used to train students in the 81 microinjection technique and as such, the mortality for the control injections is high overall 82 due to mechanical damage. No mutants of any type were observed for the surviving adults. 83
Adults from control injections were genotyped and no mutations were observed. 84
Exon-skipping 85
In order to detect if exon skipping was occurring when Exon 2 was targeted, RNA was 86 extracted from two independent replicates of 160 injected embryos (C1 and C2) as well as 87 two wildtype replicates using TRIzol (Invitrogen). The RNA was transcribed into cDNA 88 using the ProtoScript II First Strand cDNA synthesis kit (New England Biolabs). The gene 89 region of interest was then amplified. The same volume of product was loaded onto a 1% 90 agarose gel for both the wildtype and mutant replicates. A shorter band (~ 400bp) was 91 observed for only C1 and C2 and not the wildtype replicates (Fig.5A) . The shorter band was 92 then sent for Sanger sequencing, where a transcript lacking Exon 2 was found. 93
Protein analysis 94
PCR was used to generate the template needed for in vitro protein synthesis. Primers specific 95 to the start and stop codons of Dll coding sequence were used to add specific adaptor 96 sequences (see PURExpress manual and supplementary table 4) to the Dll coding sequence 97 lacking Exon 2. A T7 promoter and ribosome binding site were added to the upstream of the 98 start of Dll translation and a 35-mer loop structure was added to the 3' of Dll coding 99 sequence (See PURExpress manual and supplementary table 4 for primer sequences). This 100 PCR product was purified using the Qiagen PCR purification kit and used as a template for in 101 vitro protein synthesis with the PURExpress kit (New England Biolabs). Both the Dll 102 template as well as a control reaction with no template were set-up and processed in the same 103 way. 8ul of this synthesised protein product was run out on an SDS-PAGE gel (10% Mini-104 PROTEAN® TGX™ Precast Gel) at 120V for 90 minutes, along with the control. The >30 105 kDa band, representing the synthesized Dll protein, was excised from the gel and sent for 106 analysis on the Triple TOF 5600 (Ab SCIEX). Unfortunately, we noticed that although the 107 same amount of the reaction was loaded onto the gel, the control reaction appeared fainter 108 than the reaction with the Dll template. 109
As an additional measure to rule out the possibility that the >30kDa band was simply not 110 observed in the fainter control, we excised out the corresponding area in the control gel lane 111 and sent it in for mass spectrometry analysis as well. 
Distal-less isoform characterisation 121
In order to qualitatively characterise the alternative splice forms of Dll present in both mutant 122 and wildtype individuals, targeted long-read isoform circular consensus 123 sequencing(Gonzalez-Garay, 2016) was conducted for 4 individuals. 405 embryos were 124 injected with sgRNA-2A (targeting the second ESE site within Exon 2). After 7 days, total 125 RNA and DNA was isolated from 12 injected 3 rd instar larvae using TRIzol® Reagent 126 (Invitrogen). cDNA was synthesised using the ProtoScript II First Strand cDNA synthesis kit 127 (New England Biolabs) for each of these individuals and an in-vitro cleavage assay was 128 performed to identify the mutant specimens. Two individuals (M4 and M6) were observed 129 with mutations and exon skipping. 130
Similarly, RNA was extracted and used for cDNA synthesis for two wildtype 3 rd instar larvae 131 (WT1 and WT2). Primers were designed within the Dll locus to amplify and capture Dll 132 specific splice forms (Supplementary Table 4 ). 5' phosphorylated forward primers were 133 designed in Dll exon 1 (5' UTR) and reverse 16bp-tagged primers were designed for Dll exon 134 7 (3' UTR). A 16bp tag unique to each specimen was attached to the 3' end of the reverse 135 primer so as to identify the two wildtype and two mutant sequences (see Supplementary table  136 4 for primer and tag sequences). The PCR products were purified with Sureclean and sent in 137 for Pacbio Sequel circular consensus sequencing with a library insert size of 2kb. 138
Pacbio IsoSeq files were error-corrected and converted into CCS reads; We performed 10 139 minimum passes with a minimum predicted accuracy of 0.9 using the PacBio SMRT analysis 140 software (v5.1.0). The analysis generated 225,740 CCS reads with a median CCS read length 141 between 1200 -1249 bp (see Supplementary Figure 5 for results statistics). 142
The reads were then demultiplexed using Geneious with a 100% stringency match to primer 143 and tag sequences. The demultiplexed sequences were then filtered for low read length (< 144 500bp) yielding 18194 reads for M4, 124385 reads for M6, 13422 reads for WT1 and 18817 145 reads for WT2. For each individual, the reads were collapsed into haplotypes using the 'DNA 146
to Haplotype converter' tool in FaBox (Villesen, 2007) . Haplotypes with read counts below 147 0.5% of the total count were discarded. The remaining haplotypes were aligned using 148 sequences. This dataset was filtered for sequences that: were not Distal-less, had no 168 homeodomain, were incomplete or of poor quality. Sequences belonging to Coleoptera, 169 Lepidoptera, Diptera and Hymenoptera were extracted from the filtered dataset and aligned 170 with MAFFT v7.0 (Katoh et al., 2002) and visualised in Aliview (Larsson, 2014) . 171
Quantitative PCR 172
We injected embryos with both Cas9 and the guide targeting Exon 2 and compared 173 expression levels to control embryos that were injected with Cas9 alone. We let embryos 174 develop into first instar larvae. All control larvae were individually extracted for RNA using 175
Trizol. All treatment larvae were first genotyped to confirm presence of mutations in Exon 2 176 using the T7 endonuclease kit (New England Biolabs). RNA from mutant larvae was then 177 used for cDNA synthesis to generate template for qPCR. The Forkhead transcription factor 178 (Mnf) gene was used as a housekeeping gene. We utilised a customised TaqMan 
